The effects of type and content of polymer functional groups on the adsorption mechanism on the chromium (III) oxide surface were studied. Both synthetic [poly(acrylic acid) (PAA), anionic polyacrylamide (PAM), poly(aspartic acid) (ASP), block co-polymer of ASP with poly(ethylene glycol) (ASP-b-PEG)] and natural [bovine serum albumin, ovalbumin, human serum albumin, bacterial polysaccharide (exopolysaccharide EPS)] polymers were applied. For this purpose, adsorption, surface charge, zeta potential and stability measurements were carried out. The largest adsorption was found for the ASP-b-PEG (synthetic polymer) and EPS (natural polymer). The most effective destabilizers for Cr 2 O 3 removal from the aqueous suspension were PAA 240,000 and ASP 6800.
INTRODUCTION
Chromium (III) oxide is the most common form of chromium in the environment. This oxide is the ninth on the list of the most common compounds in nature. This is due to the tendency of other chromium compounds to get converted into Cr 2 O 3 (Barnhart 1997) . Cr 2 O 3 is a grey-green solid, but its colour is usually masked by other compounds.
Chromium (III) oxide is one of the most widely used compounds in industrial pigments. It is used in glass, concrete, ceramic, plastic or leather colouring. It is also used as a catalyst for organic syntheses. It is applicable as a colourant in the production of banknotes and for the preparation of the green ink (Gettens 1966) . Cr 2 O 3 is also applied in cosmetics as a component of eye shadow, bronzers, lipsticks, etc. Its wide usage results from the fact that it is non-toxic and is the most stable (high resistance to oxidation and high melting point) than other green dyes (Filipkowska et al. 2011; Sangeetha et al. 2012) .
However, its use in many industries can contribute to the presence of Cr 2 O 3 in wastewaters. This demands effective removal of the metal oxide from wastewaters before its mixes with the surface water, as a high concentration of Cr 2 O 3 has an adverse effect on water quality and aquatic life. Chromium (III) oxide has intense green colour and even small concentrations of Cr 2 O 3 may hinder light penetration to greater depths of water. This can lead to oxygen deficiency due to disruption in the photosynthesis carried out by aquatic plants and algae.
For this reason, macromolecular compounds, both synthetic and natural, can be used as effective flocculants of Cr 2 O 3 particles contributing to solid removal. Adsorption of polymers on the surface of chromium (III) oxide is extremely important for the environment. Their usage as flocculants in settling tanks during wastewater treatment can significantly improve the efficiency of the suspended solids removal from waters and wastewaters.
Taking these into consideration, the aim of the present paper is to determine the most effective destabilizer (flocculent) of chromium (III) oxide suspension from the applied polymers [synthetic: poly(acrylic acid) (PAA), anionic polyacrylamide (PAM), poly(aspartic acid) (ASP) and ASP with poly(ethylene glycol) (ASP-b-PEG); and natural: bovine serum albumin (BSA), ovalbumin (OVA), human serum albumin (HAS) and exopolysaccharide (EPS)] and characterize its adsorption mechanism. The results based on using individual systems have been partially published (Ostolska and Wiśniewska 2014a,b; Szewczuk-Karpisz and Wiśniewska 2014; Szewczuk-Karpisz et al. 2014; , and this paper represents their comparison and a comprehensive view of the studied problem.
In addition, we also verified the statement that destabilization of colloidal suspension is caused by the polymers with a high molecular weight (of the order of several millions). This research is focused on proving the fact that the molecular weight of the polymer is not the most important factor influencing the stability of colloidal suspension; however, this effect is also dependent on other parameters (related to the type of polymer and adsorbent, functional groups in macromolecules and degree of their dissociation).
EXPERIMENTAL ANALYSIS
Samples of chromium (III) oxide, produced by POCh, were used in experimental studies. Cr 2 O 3 is an amphoteric, grey-green, finely crystalline solid. The adsorbent was washed with double-distilled water to achieve the supernatant conductivity below 3 μS/cm. After drying, the adsorbent was crushed in a porcelain crucible. The specific surface area of the metal oxide and the average pore diameter of alumina were determined using low-temperature nitrogen adsorption-desorption isotherm method (Micromeritics ASAP 2405 analyzer). Their values were 7.12 m 2 /g and 6.1 nm, respectively. The mean grain size of the solid particles was 265 nm (photon correlation spectroscopy; Zetasizer 3000, Malvern Instruments). The point of zero charge (pH pzc ) of Cr 2 O 3 was 7.6 [obtained from the potentiometric titration; Janusz (1999)] and its isoelectric point (pH iep ) was 6.0 (zeta potential measurements; Zetasizer 3000, Malvern Instruments).
Samples of synthetic polymers (PAA, PAM, ASP, block co-polymer of ASP-b-PEG) and natural (BSA, OVA, HAS, bacterial Sinorhizobium meliloti 1021 polysaccharide EPS) polymers were used as adsorbates. Their detailed characteristics are presented in Table 1 . Using the potentiometric titration method, pK a values of the applied polymer solutions were determined.
All measurements were carried at 25 °C at pH 3 at the polymer concentration of 100 ppm. The NaCl solution (1 × 10 −2 mol/dm 3 ) was used as the supporting electrolyte. The adsorption measurements were taken with the static method using the UV-VIS spectrophotometer (Carry 1000; Varian). The amount of the polymer adsorbed was determined from the difference between the polymer concentration in the solution before and after the adsorption process.
The concentration of PAA and PAM was determined from the reaction of polymer with Hyamine proposed by Crummett and Hummel (1963) . The turbidity was measured at the wavelength of 500 nm. Protein concentration was determined as the wavelength at which the albumins have the maximum absorbance-that is, 278 nm for OVA and 279 nm for BSA and HSA. The absorbance of ASP and ASP-b-PEG solutions was measured at 210 nm. To determine the EPS concentration, the method proposed by Dubois et al. (1956) was used (wavelength 490 nm). Stability measurements were obtained with the turbidimetric method using Turbiscan LAB Expert connected with the cooling module (TLab Cooler) and the computer with the specialized programmes (TLab EXPERT 1.13 and Turbiscan Easy Soft). The measurement lasted for 15 hours, during which data were collected every 15 minutes. The results were obtained in the form of transmission and backscattering curves. Moreover, with the specialized computer software connected to Turbiscan, it was possible to calculate the Turbiscan Stability Index (TSI) parameter. Thus, this was very useful in the evaluation of colloidal system stability. The TSI coefficient was calculated from the following formula:
(1) where x i is the average backscattering for each minute of measurement; x BS is the average value of x i ; n is the number of scans (repetitions of single measurement during the total time of the experiment). The TSI value may vary within the range of 0-100, and the value close to zero is obtained for extremely stable systems. Figure 1 shows the adsorbed amount of examined polymers on the chromium (III) oxide surface at pH 3. As can be seen, the highest adsorption of macromolecular compound is obtained in the case of synthetic ASP-b-PEG co-polymer and bacterial polysaccharide EPS, and the lowest adsorption level is observed for the proteins (BSA and OVA). At pH 3, the solid surface is positively charged (pH pzc = 6.7). The pK a values for the polymer samples containing ionizable groups (besides proteins) are within 3.6-4.7 (Table 1) . At pH = pK a , a half of functional groups undergo dissociation. In the case of PAA, PAM, ASP, ASP-b-PEG and EPS, their carboxyl groups are able to dissociate in water solution. This means that polymeric macromolecules are slightly negatively charged along their chains at pH 3. As a result the electrostatic attraction between the macromolecules and the surface takes place.
RESULTS AND DISCUSSION
However, pH 3 does not favour the electrostatic attractions between the protein molecules and the Cr 2 O 3 surface. In the acidic environment, the amine groups of proteins are positively charged. Nevertheless, there is also a small number of dissociated carboxylic groups. The isoelectric point (pI) of applied albumins was in the range of 4.5-4.7. When pH = pI, the number of positive groups of albumin is equal to the number of negative ones (the macromolecule is neutral). Change in the charge of protein macromolecules using the example of amino acid (their basic building block) is shown by equation (2) ( 2) where the middle section represents pI.
This repulsive protein-adsorbent interaction does not exclude biopolymer adsorption. However, it has the lowest values among all examined polymers. During the protein adsorption reaction, the macromolecules (that are almost oval) are reoriented towards the solid surface. This enables a slight electrostatic attraction between the negatively charged fragments of biopolymer macromolecules and the positive oxide surface (Rabe et al. 2011). Thus, a small adsorbed amount of the natural polymer at pH 3 is probably due to the proper orientation of protein macromolecules towards the metal oxide particles, which allows the interaction of the few negatively charged functional groups of biomolecules with the positive chromium (III) oxide surface. Moreover, the lower pH value of the solution, the more expanded is the conformation of the protein macromolecules. This is associated with the mutual repulsion of fragments of protein chain which have the same charge sign (Jachimska and Pajor 2012). Thus, partial developing of protein macromolecules and electrostatic repulsion between the solid particles surface and the protein molecules cause the lowest adsorption at pH 3.
The highest adsorption of ASP-b-PEG co-polymer on the chromium (III) oxide surface in relation to other synthetic polymers containing carboxyl groups (i.e. PAA and PAM) results probably from two reasons: the presence of PEG fragment in its macromolecules and indirect connection of the carboxyl group with the main chain (but by the -CH 2 -group). Strong adsorption of ASP-b-PEG copolymer under these conditions is mainly due to the electrostatic interaction between positively charged surface groups of the adsorbent and the dissociated carboxyl groups of ASP block. Moreover, the hydrogen bonding plays an important role in the mechanism of co-polymer adsorption. They are formed between both types of chain fragments (ASP and PEG blocks) and Cr 2 O 3 surface groups ( Cr-OH 2 + and Cr-OH). Particularly, the neutral hydroxyl groups of the solid play an essential role, mainly due to their greater number (compared with the charged ones; Chibowski and Wiśniewska 2001; Chibowski et al. 2002) . In addition, hydrogen bonds can be formed between the ASP and PEG blocks of adjacent chains. Furthermore, the low degree of ASP dissociation is responsible for the formation of a more compact structure of adsorption layer consisting of polymeric coils. Such a conformation of adsorbed co-polymer allows binding of a greater number of ASP-b-PEG macromolecules on the unit of the adsorbent surface area.
The indirect connection of carboxyl groups with the main chain in ASP molecules (Table 1) is also the reason for higher adsorption of ASP and ASP-b-PEG polymers in comparison with PAA and polyacrylamide (in which -COOH groups are directly bounded to the main chain). Such groups, spaced from the carbon skeleton, are more flexible and have greater ability for effective binding to the solid surface.
The relatively large adsorption of bacterial EPS on the Cr 2 O 3 surface, similar to the case of ASP polymers, is probably due to the electrostatic polymer-surface attraction, more coiled conformation of adsorbed macromolecules (low degree of carboxyl groups dissociation) and the presence of other functional groups (especially -OH), which are capable of forming hydrogen bonds.
The analysis of stability data depicted in Figure 2 indicates that the most effective destabilizers of chromium (III) oxide suspension are ASP 6800 and PAA 240,000. In such a case, the stability coefficient TSI reaches the highest values (65.66 and 66.27, respectively). Enhanced effects in the system destabilization are obtained after the addition of ASP 27-000 and ASP-b-PEG co-polymer as well.
It should be noted that the Cr 2 O 3 suspension without a macromolecular compound is relatively stable (TSI = 12.76). This is associated with the formation of coatings with chloride ions from the supporting electrolyte solution (NaCl) around every positively charged metal oxide particle. This structure prevents collisions of particles and formation of aggregates. Furthermore, the stability of the suspension is provided by the high value of zeta potential of the solid particles, which under these conditions is approximately equal to +40 mV . It favours the mutual repulsion of chromium (III) oxide particles, which makes the suspension relatively stable (electrostatic stabilization).
The significant deterioration of chromium (III) oxide suspension stability due to the addition of PAA 240,000, as well as ASP polymers and co-polymers is mainly a result of effective neutralization of the solid surface charge. Under these conditions, positive surface charge of metal 698 M. Wis ΄niewska et al./Adsorption Science & Technology Vol. 33 No. 6-8 2015 Conditions: C NaCl 1 × 10 -2 mol/dm 3 , C p = 100 ppm, pH 3. oxide particles is neutralized by the negatively charged PAA chains. When pH < pK a , undissociated carboxylic groups dominate in the polymer macromolecules, but the number of dissociated groups is sufficient to effectively neutralize the solid particle charge. By contrast, because of a small number of dissociated groups in the PAA chains, they have a more coiled conformation. During the PAA adsorption on the chromium (III) oxide surface, the -COOgroups interact with the positive surface of solid particles. This leads to almost complete particles coverage by the coiled polymer chains (the highest adsorption at pH 3). Uncharged polymer-coated colloidal particles do not repel each other, which results in the formation of their larger aggregates (flocks). As a consequence, a considerable decrease of suspension stability in the polymer presence is observed.
In addition, single polymer bridges can be formed under such conditions. Bridging flocculation occurs when the long polymer chains build bridges between the colloidal particles. There are two mechanisms of polymer bridges formation (Yu et al. 2006) . In the first case, a macromolecule adsorbed on the surface of two or more colloidal particles can create a bridge. In the second possible type. Polymer bridges are formed through the interaction of two different polymer chains adsorbed on the surface of two different colloidal particles. In the case of examined systems at pH 3, the second type of bridging is more probable (densely packed adsorption layer, not stretched conformation of adsorbed macromolecules).
Our study indicated that polymers with a very high molecular weight (the order of few-dozen millions) under specified experimental conditions (pH 3, C p = 100 ppm, 25 °C) did not prove to be good destabilizers of Cr 2 O 3 water suspension, ensuring effective separation of the undesired solid from the colloidal system. It was shown that to achieve this purpose, the best macromolecular compounds are polymers of relatively low molecular weights (up to a few hundred thousands). Thus, the molecular weight of polymer is not the most important factor influencing the separation effectiveness of colloidal impurities from water solutions. Equally important parameters affecting this process are number and type of polymer functional groups, their ability to dissociate, polymer concentration and pH of the solution. Previous studies indicated that besides these factors, the mechanism of suspension stability is influenced by temperature, ionic strength of the solution and type of adsorbent as well as its porosity (Wiśniewska , 2010 ).
CONCLUSION
The effects of type and content of polymer functional groups on the stability mechanism of the chromium (III) oxide suspension were studied.
The highest adsorption at pH 3 was found for the synthetic ASP-b-PEG and natural EPS, which is due to electrostatic polymer-surface attraction, more coiled conformation of adsorbed macromolecules (low degree of functional groups dissociation) and the presence of groups (-COOH, -OH) capable of forming hydrogen bonds.
The lowest adsorption level observed for proteins (BSA, OVA and HAS) is a result of less favourable electrostatic interaction between the positive domain of biopolymer (predominantly present in the protein macromolecules) and the positively charged solid surface.
The most effective destabilizers for Cr 2 O 3 removal from the aqueous suspension were PAA 240,000 and ASP 6800. The main mechanism of suspension destabilization is the neutralization of positive charge of solid particles by adsorbed polymeric coils containing a small number of ionized functional groups. In addition, single polymer bridges can be formed through two different polymer chains adsorbed on the surface of two different colloidal particles.
